Liquid crystal Spatial Light Modulator (SLM) can suffer irreparable damage, when exposed at wavelengths shorter than 400 nm combined with high peak intensity, due to photodegradation of the liquid crystal or the polymer alignment layer. By placing a thin BBO nonlinear crystal immediately after an SLM addressed with Computer Generated Holograms (CGHs), the first order diffracted NIR components at 775 nm can be converted to parallel second harmonic NUV beams at 387 nm, avoiding the potential damage while simultaneously reducing the order of non-linear absorption for refractive index modification. This procedure requires attention to phase matching of multiple beams and opens up parallel processing at UV wavelengths. Multiple NUV femtosecond beam direct writing of volume Bragg gratings inside poly(methyl methacrylate) and fused silica is demonstrated. First order diffraction efficiency over 70% is observed. By changing CGH, grating parameters such as period and thickness can be easily adjusted. This technique provides good flexibility and shows great potentials in rapid fabrication of volume gratings. The limitations of this technique are also discussed.
Introduction
When NIR femtosecond (fs) laser pulses are tightly focussed inside optical materials for refractive index (RI) structuring, pulse energy (E p ), scan speed (s), scan direction [1] , effective NA [2] , pulse duration (τ) [3, 4] and wavelength (λ) [3] are important parameters. Translation of the focus within the bulk material allows the creation 3D refractive index modification. The use of a Spatial Light Modulator (SLM), addressed with Computer Generated Holograms (CGHs) can greatly accelerate 3D modification by generating many, uniform intensity arbitrary parallel beams, recently used, for example to create thick, efficient volume gratings inside poly(methyl methacrylate) (PMMA) at 775 nm [5] . By using an SLM to dynamically correct wavefront aberrations at the air/dielectric interface during the writing process in fused silica, real time parallel 3D generation of longitudinally written waveguide couplers was demonstrated [6] .
Pulse duration τ > 100 fs in the NIR, the contribution of impact ionisation towards plasma density increases relative to multi-photon ionisation, reducing the damage threshold of optical breakdown. [3, 4] . With pure PMMA at τ = 180 fs, the advantage of NUV wavelength at 387 nm over the fundamental NIR wavelength at 775 nm was demonstrated by reducing the order of the non-linear absorption from three to two photon [3] . Filamentation, in which selffocussing is balanced with defocussing due to plasma formation, is useful in extending the modification depth at low Numerical Aperture (NA) [7] , essential for thick grating production.
Presently, no SLM based on nematic liquid crystals operates in the UV at 355 nm due to photodegradation of the liquid crystal or the polymer alignment layer with such high photon energy. Thus, exposure at wavelengths  400 nm with high peak intensity risks irreparable damage and possible device failure. By placing a thin beta barium borate (BBO) non-linear crystal immediately after an SLM addressed with CGHs, the first order diffracted NIR components at 775 nm here are converted to parallel NUV beams at 387 nm, avoiding this potential problem while simultaneously reducing the order of non-linear absorption for Δn structuring. Fig. 1 shows a schematic of the experimental setup. The output from a Clark-MXR CPA 2010 system, (775 nm, 170 fs, 1 kHz, 1 mJ), is attenuated then expanded to ~ 7 mm diameter on to an SLM (Holoeye, LC-R2500) which has a 45 twisted nematic liquid crystal layer. A thin BBO crystal (8 × 8 × 0.7 mm θ BBO = 30, ϕ BBO = 90, type 1 phase matching) was placed after and in close proximity to the SLM, converting diffracted NIR beams to nearly collinear NUV beams. A 4f optical system with two planoconvex lenses (L1, L2, f = 194 mm at 387 nm) were set to re-image the SLM surface to the input plane of a plano-convex lens with focal length f = 50 mm (effective NA = 0.08). A λ/2 plate was used to rotate direction of polarisation on to the SLM. The undiffracted zero order NIR and NUV components were blocked by a small target near the Fourier plane of the first lens L1. A periscope, mirrors M3/M4 along with mirror M5 (all dielectric coated for 387 nm) acted as dichroics, eliminating the remaining diffracted first order 775 nm radiation from the optical beam path. The PMMA substrates (Vistacryl CQ non-UV), polished on all sides, were mounted on a precision 3-axis stage and the 387 nm parallel beams carefully focussed below the surface to create volume Bragg gratings. Total pulse energy in diffracted beams at 775 nm was E pNIR ≈ 105 μJ, and total energy in the 387 nm radiation was E pNUV ≈ 3.9 μJ. The maximum NUV efficiency occurs near θ = −25° (155°).
Experimental

Results and discussion
The behaviour of the Holoeye SLM with 45 twisted nematic crystal has previously been analysed in detail from the measured Stokes parameters of the reflected radiation from the device showing that the output state of polarisation with addressed grey level is generally complex [8] .
The BBO conversion efficiency ( Fig. 2 ) with linear polarisation (no SLM) indicates that the crystal acts also approximately as a polarisation analyser. Maximum conversion efficiency from 775 nm to 387 nm was measured to be 17% in this crystal with 375 μJ incident pulses (I(ω) = 1.13 × 10 10 W/cm 2 ) and varying almost linearly with peak intensity, as expected [9] .
At low conversion efficiency, when the fundamental and second harmonic waves are phase matched, [9] , where l = 0.7 mm is the crystal length, I(ω) is the incident peak intensity and K is a constant related to the non-linear optical coefficients, d22 and d31 for BBO. Using the observed maximum 387 nm pulse energy, EP = 64 μJ, we estimate K ≈ 3.1 × 10 -9 W -1 . With a CGH creating 18 diffracted beams applied, Fig. 3 shows the measured diffraction efficiency of the SLM at 775 nm and conversion efficiency to first order NUV beams as a function of input linear polarisation direction. A rotation to ϕ = -25 to the vertical gives highest UV conversion efficiency since reflected state of polarisation from the SLM is elliptical and the BBO crystal resolves the vertical field component.
The conversion efficiency of the BBO crystal (with linear polarisation, ϕ = 0) and angular variation in the sensitive phase matching direction (horizontal) and azimuthal directions is shown in Fig. 4 . As the FWHM (horizontal axis) ≈ 0.64 is much narrower than the FWHM (vertical axis) ≈ 2.36, diffracted patterns with vertical symmetry are preferred in order to limit intensity modulation from phase angle mis-match. Hence, diffraction angles Δϕ <  0.55 in azimuth are required to keep intensity modulation between spots ΔI(2ω)/I 0 (2ω) to < 5% below the optimum. By preferentially phase matching the diffracted spots of the vertical pattern rather than the zero order, the 387 nm remaining zero order was minimised while simultaneously the increasing the conversion efficiency of these first order beams.
A CGH, created within a LabView environment [10] using the Gerchberg-Saxton algorithm created 18 near uniform diffracted beams, which have a spot separation of around Λ 1 = 30 μm pitch at the focal plane of the lens (f = 50 mm), keeping the total vertical angular range Δϕ v < 0.29 (Fig. 3 ) and hence intensity modulation < 3% from the slight variation in phase matching angle between beams in the insensitive axis.
Fig. 4
Phase matching efficiency with crystal tilt in horizontal (sensitive) and azimuthal (insensitive) axis, indicating that vertically diffracted spot patterns suffer much less intensity modulation. These are preferentially phase matched to increase their intensity.
The relative intensity of the first order diffracted 387 nm UV radiation (measured near the input plane of the focussing lens) as a function of input state of linear polarisation on the SLM and addressed grey level (not shown) generated a range of curves, confirming the complex nature of the reflected state of polarisation of the SLM and that by setting the input linear polarisation to θ = -30 (from the vertical) while leaving the crystal extraordinary axis horizontal, a mostly "phase only" configuration was achieved while maintaining a reasonable overall conversion efficiency.
With this near optimum setting of input linear polarisation and the BBO extraordinary axis, highly parallel RI modification in PMMA at 387 nm with 18 beams is demonstrated in Fig. 5 with an optimised CGH. Very small random displacements of the vertical spots in the horizontal (within 20 μm at the focal plane) helped to minimise intensity variations from overlap of ghost beams [10] , corresponding to a Δϕ h < 0.023 << Δϕ h (FWHM) = 0.64 (Fig. 4) in the sensitive axis (horizontal) of the BBO crystal. Measured pitch Λ 1 = 30 μm. Modified filaments have length l = 219.4  9.3 μm (1σ) and width ~ 4 μm with E p = 0.21 μJ/beam at 0.08-NA and 1 mm/s scan speed. By scanning in the horizontal (Y-direction) with offsets of 540 μm (18 × 30 μm) while offsetting ΔX = 200 μm intervals along the optic axis (deepest first) a continuous, thick volume grating was obtained, which is similar to the method described previously [5] . The pattern was then offset by half the period to produce a pitch Λ 2 = 15 μm grating. A 5 × 5 × 2.0 mm 3 thick grating was fabricated in 18 mins with first order Bragg angle diffraction efficiency reaching η B > 70% and the low scatter observed indicates that the quality of the grating is high (Fig 6(a) ).
The temporal Δn change, which stabilises after 20 days (Fig. 6(b) ), is likely due to chain scission in PMMA during exposure, resulting in unzipping of the polymer chains to create the monomer, MMA, which diffuses out [12] . The first order angular resolution, Δθ(FWHM) ≈ 0.63 is slightly higher than expected, Δθ = Λ/2d = 0.43 for a sinusoidal refractive index profile [11] , while the second and third orders have Δθ ≈ 0.33º and 0.23º respectively. By calculating a series of CGHs (9 CGHs), storing them, then synchronising to the scan motion (0.1 mm/s scan speed), 2D real time 8-beam modification at 387 nm with 0.21 μJ/beam pulse energy was demonstrated (Fig. 7) .
Conclusions
Dynamic highly parallel NUV refractive index modification inside bulk PMMA has been demonstrated at 387 nm, 180 fs by placing a thin nonlinear BBO crystal after an SLM addressed with CGH's to create parallel beams at much shorter wavelength. An efficient, Bragg grating with 15 μm pitch and dimensions 5 × 5 × 2.0 mm with η B > 70% at first order was created in 18 minutes with inferred Δn ≈ 8.4 × 10 -5 and by running a series of CGH's in real time, dynamic highly parallel NUV modification is demonstrated.
The technique for volume grating fabrication provides great flexibility, so that high quality gratings with specific parameters can be produced to meet the requirements in various applications. For example, the grating diffraction angle and the angular selectivity can also be tuned by changing the period of the grating. The grating diffraction efficiency can be further increased by increasing grating thickness. The high quality volume gratings written in the NUV and its high diffraction efficiency with only 2 mm thickness indicate it is possible to obtain gratings with η B > 95% using the NUV multi-beam parallel processing, where refractive index modification occurs via 2-photon absorption, and optical breakdown is much less prevalent. However, he main limitation of this technique at the present is that the line density is restricted to 125 lines/mm.
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